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c:~:ri~.d:, out· E3.t: ~5-qC, l58°c 1: 3110,C_, and 458°C and. irrit:ial S'train 
:: . . ~4 -:1 . : . . . .. ~3 . ~1 . .·.. ,. ·. -2 .. . -·1 
_r~t:es_ of 3 •. 3 .x 10 ., .sec , 3. 3 ,x .10 · sec , rutd 3-.3 _x 1,0 . EJ,e:.c .• -. 
:~pecJm·ens- were ·nqminally O .I .. inch h_igh and O .9 .j.nche.s l_ong -$iid ·wer:e 
~ith~r 0,.,075:, 0.100, or 0.1·60 inches wide. ,For· the_se ge.tm1etr:ies,: 
' deformation approximated plane strain conditions but was not 
:homogeneous. The flow stress for homogeneous deformation was 
determined by extrapolation to a width-to-height ratio of zero. 
At 25°C and 158°c, the flow stress increased with increasing 
strain to 0.5 true strain. At 311°C and 458°c, the true stress-
true strain curve leveled off and even decreased at higher strains. 
This was attributed to dynamic recovery of the gold during 
deformation. Exruninat ion of the 1ni crostruct ures showed that, 
coincident with the lowering of the stress-strain curve, 
recrystallization occurred in the deformed area. Dynamic recovery 
occurred at higher stresses and strains when the tests were per-
' t. . . . n , · · ll f • !l , •J' ri ! , r 
'--• V 'F<-' -~• {._ 1• • _, ..... 
qf ·.;.:•J ·Or' 
, .. .. J .,.) ·-· .t ,/ 
. 
t! .. n ll L, no C .,_)\) ... Ho'"'1t:ver, 
,.· 
strain rntc hud }.·t' tt.l.,· ,. ff,•ct at. -~a._ ........ -.,.-.·~.-, .v • , ··, ') , .. 0 , .. , t, n t.: .;,. J \.i tu·H1 158°c test temperatures. 
Some of tl1e speclmens had scribed grids so that the 
1 
•. 
" 
across t:h.e ·c-poss. J3e·ct:ion:s. of tlle b·&:r.s:, It was in these .. are11s: that 
. ,· . -~ 
l 
~' . 
;-··, 
.occurred. Comparison of the ... s-eribe.d gria.·s before, .aria aft·er 
2 
' 
The. ·deformation o:;· .gc,_ld :in_ the· form of s.mall wi·res.,. o·a.r.s-:::, and 
·other· shape·s· at e·leva.te.d ·t·empe.ratures :_is· an i·mport:ant. industrial 
"C:>:f gol_d iD:: the e:1Efct_ronic$. .industry·. ·'I'b.e:rmoc,e;mpression bondi·ng 
.can ·pe used to ,make el·e.ctr:i.-c.al -and ;rrrec-ha.n-i,c.-al connection.~' by 
;:forc·ing two gold surfaces togetber -·a.t a temperature cons,d~derably 
. . ' .·.•·, 
:Pelow the 1,063° meltin:g .pc;,int of gold. To make such a the.rmo-
.compression bond., it is ·ne·c·essai:y to ·defor:1.n at- least ·one of the 
members. The work of· And:erson1 :on ·therinocompress.ion bonding 
showed that adhesion occurs much more readily if surface shear 
strains are imposed. It is significant that deformation enhanc.es 
the bonding process even though gold would not be expected to 
form an oxide in the temperature range (150°c - 550°c) generally 
used for thermocompression bonding. A knowledge of the deformation 
properties of gold and a reasonable model of the plastic flow 
occurring during bonding is necessary for a mechanistic understanding 
of the gold to gold theI"mocompression bonding process. The purpose 
of the present investigation was to determine the deformation 
properlic:= of f::old up to O. 50 Lruc ;:;train, at strain r,1tes of 
10- li -1 o· -;~: - l ct o· 1 t o ""7 f t ~ · 1- t J t · to .. _ -- sec , an , ,. ,_o • o ·11e aoso u ·e zne ." 1ng 
te.mperature. 
Compression testing was chosen because it avoids instability 
in teriu ion <lue to necking. I,cctiLngulu.r bu.r:1 were used {1.S su.1np1.es 
3 
·' ! 
I, 
' 
'1:~e·(}~11.se tlle_y are simi.1-ar t.o: bonfiln'.g ·shapes- and the _plane. st·rain 
.resulting· from their ·use: allows :highe·r ·amounts .ot· $tr~tn with 
'.' . .,· . . 
. . 
,smaller loads than w-ith cy-l·indri.cal s:aniple_s . : {: 
If a lo_ng, prisma.ti,:c.-.shaped b-ar·., vii ~11. tr+.~ z-.axi-s -aJ._9_r1g. the: 
·t:h~:re is no frtict-i .. on ~t, th.e- cqrn:Pression plat-es· and the s:p·ecitne·n i:s· 
is:otr,opi.c .. and homogen.e.ou.s:,. t·he ,p,ri·nci.ple ,stresses from. :e·lemeritafy· 
. . 
' pl_a.sti ci-ty·· t·heory a.r~· ; ..
a + a 
O! ·=· d ==· . 0 1 X: 
(1· ........ 
' 
X ':l. ,q - a :<1 -·.-. 
-· -2 y 0 z 2 (1) 
and the yield strength according to th-e \Ton Mises yield criterion 
• J.S 
a 
0 ' = 
P'· . 
<r. 
0 
(2) 
<T· ' is the homogeneous plane strain flow stress and a is the more 
0 0 
pop rm _ r r 
familiar uni axial flow stress. ~·Equation ( 2) has been experimentally 
confirmed by Bridgrnan2 and Baranska:i 3• Anderson1 demonstrated that 
the flow stress in lll1iaxial tension is the same as that in uniaxial 
compression for gold at room ten1perature so that t1 of eq. (2) can 
0 
be identified with the W1iaxial flow stress in tension. 
It is not •• ·1 I tl fl · ) · ~---~ ,_.. - (• ~ .- ,-~• ""i - 1~ .~-.,. .:--4: ._:.. ~ ,_,_., , • r J.O.,._,.Ll.l.~.·· l,() ,... ..... JJ ... c,._,., le .... Ow stress* of gold by a 
single vn.lut:. JL i;; necessary ro.ther to define flow stress by a 
*Unle:;:; t)tlit..:~1~iDe specified, stress and strain will mean true 
stre::;n t.u1d true r;truin tl1rughout tl1is repoz .. t. 
,; 
' ~ ~ 
t 
i 
l 
f 
I 
t ; . 
f 
: 
! 
! 
' 
' i
i 
i 
l 
1, 
·' 
curve relati_ng the amount. <if s·t·rain t't>· ·t:lie :~ppli:ed. stress necesS·:·~ 
for flow: The dete:mitta.t.:i.on of .such a curve: i .. ~ complicated PY 
·-t·he fact that,. due to friction between t.he _san;iple and the ··CQ~~ 
pressio.n p\a,te.s P t-ne deformation is not.. uni::t'orm. t·h~qughout the 
.. -~ 
:r.es:ul~t's whi.cel1 c01;npare with othe·r :_stfes".s-s-train exp.e--rimeri-ts, it is 
.:q.~·~essacy to e·li.~inate the e.ff~ct.s o·f :n,on-homoge.neous deformation. 
Taylor a.nd Quinney 4 minimized the problem of barreling by 
J.:µpti~~t,i.t:1.g: th:e. e.ndq o_f ·the.ir cylindrical copper samples and, after 
.40% redµctiqr:r, ma.cnir;tin·g tbe sides to reduce the diameter. Using 
this method, they were able, to compress samples to 1/53 of their 
original height. 
,.. 
Rumme15 and Meyer and Neh16 tried to avoid barreling by 
stacking three cylinders end to end during compression and using 
only the results obtained from the middle one. The method is 
complicated by the fact that the ends of the middle cylinder do 
not remain plane during deformation. It is only applicable to 
d 
samples with a high diameter-to-height h I·atio. 
Sac \1,:· 7 c•ucra,::.c-·t,,·i ·tha·-· t ti1e· L ,:J ._i C.J C.> "- ,.) ,~ \ . ., • .. 1 cuJ"Vc re1:_Lting amount of strain to 
applied stre~Js in hornogeneous, i.e. , without bar·reling, deforn1e.tion 
could be obta.ined by analyzing the results of a series of tests on 
d 
-
cylinders of varying h ratios. rrhe value obtained by 
d 
extrt1.polt1tion to the ratio h = 0 would thc~n be the resistance 
5 
.~ 
,, 
·, 
.. 
,· 
., 
j 
. ,. 
.J 
I., 
t·o· bbmogene'OUS der.ormat:ion: .. 
, . 
. ' 
comparable :Conditicins .·of· COinpressi.on, cy·linde·!'S: ·which·, are C>'ri_gihalj.y 
" . 
,. geometri CJ3.lly simi·Iar remai:n s·o t:hrcrughout cbmpres:s·ion, . Cook :and 
8 ,. 
·ta.rke· · .demons.tr,ate.d that .. --the· principl.e. ·was· vaiid -an_d ·us.ea. the 
. •. I 
:method to .obt-ain ht:>mogene.ous (tb:inp-ression; curves for ·copper and 
Efev~ral copper base .alloys. Their work showed that the· type o;f 
9-e:formation obtain.eq. ·was _gighly ciepen.de:nt:-- on the smoothness of 
the ·compression plates, 
Polakowski9 commented that the method o;f S·achs and Cook and 
Larke is only valid for high coefficients of friction ( 0.4) and 
:d: 
.:-· 
'h less than 1/-2· . 
Various other methods10- 13 of minimizing friction h.a1te alsio 
been used in compression testing. 
The method of obtaining homogeneous compression curves in 
the present experiment was similar to that of Cook and Larke. A 
major difference was that,bars with rectanGular cross sections were 
used as samples instead of cylinders. Tl1is shape of srunple 
resulted in a condition of plane strain. To obtain W1iaxial 
stress values, it is necessary to multiply plane strain values 
perpendicular to the long n.xt3 of tl1e srunJJle. No lubrication 
6 
:,i 
.. 
... ····· 
•. 
.. / 
\ 
..,. 
'I 
',.. 
:··'· ..• 
' ' . 
· :c~bns··tant friction and :tio~oe;en:eous defo.rmation. A sample is, divided 
:required :is ob.ta.inecl by i:i;:itegratiori:• Typical ·o·t ·t·his: a.pp.roach are. 
14 15· th·ose: of· ·Thomsen, et al· ·-, and: Pol,akowsk·i. ·a.nq,: E.ipli.ng. · __ ·:. 
Avitzur16 presented a velocity .field approach which a.ss1)1lles 
' " 
.c.ons:tant:. frict:i.on and ·t·ake·s barreling· into account·. .T:he flow st:ret:;-s 
is· o:b·t.ait1e.d from a· c'onsideration of· the energy require:.cJ f'o:r 
deformation .. 
One part of the present experiment was a comparison of the 
experimental results with the theories of Thomsen, et al, and 
Avitzur. 
There is considerable variation in the reported values for the 
') 
yield strength of gold, since the results of any test are highly 
dependent on the purity and physical condition of the sample. The 
values for the tensile strength of a.nnealed pure gold typically 
range from l 7,300 PSI ( 12. 2 Kg/mrn2 ) to 19 ,000 r)SI ( 13. !1 Kg/mm2 ) l 7 ,lB. 
The yield point for anneuleci n.nd c:xtr .. :r:1cJ2,r pure gold :is of the 
'> 1 D 
order of 500 PSI ( . 35 3 j{g/nun'·) u, but crui be chru1ge<l grea.t1y by 
heat treating methods. 19 . Wenger tested annealed and Wlannealed 
gold wires at various tempe1·atures and fow1d that the yield point 
7 
..... ,. ~.. ,,.- ' - ' 
c:i,"=~~:,i;.. - ~ • ,i:;,~)•eJ;..'S:.-_;;;, -, • •-.-t';;;:~~..;;-:zJ;.;.--:-i=o.!""- • ...,,_,:'""::- • ' -' 
-'<)f. 1l.:tl'at1n_e_ale:o. ·wire c.-cru.ia; be r~edµ¢(=d .sh;'B..:t;ply ~by ·va.ry:ing- -the t:eE?it: 
,• '' . . . . ,·· 
t~mpera.ture 111} to '4zo0c.: 1v.1~sb.ii and !\a.:u;ff)nan,20 ra.±.sec'J_ the yield 
poi.nt: of· extrem~·Iy p11re_ g-ol··d· .1:>lf ,~µenchi!-J.g rapi·dly· from 1,030:oc-.. 
Re±·nacher2l. anne:aled. c61Dllle·rc:i.ally pure. gold witfes at 450:°C. fo.r :ten. 
minut.es and f.ound. a. o .2:%. e·10:ngation tens-1·1.e. stre:ngth at 19 ,o·.5:0: J?SI. 
:.r·n t:heir torsion exp.er·imen·t.s at. ·h.:i.gh p_re:ss·ure.s, Reicker.' and 
- . 22 .. . ( Towle·· · · ·report:ed a value of 19· ,oo.o .. F:SI: for' ·the s.l1ear stre.s.s · .or :a 
' . 1 . 
.Ai1ders-on · 
used. the method o.f ·Cook and Larke to determine the compression 
curves of pure gold: cylinders annealed at 300°C for two hours and 
obtained a yi.eld. strength of about 2,000 PSI and a compressive 
stress at 0.45 true strain of 30,000 PSI. 
Aldrich and Ar.mstrong23 tensile tested samples of silver of 
varying grain size and found that flow stress increases appreciably 
with grain refinement. The same conclusion was also reached by 
Dorn, et a124 for aluminum, Loizou and Sims 25 for lead, and 
Carreker and Hibbard26 for copper. It is apparently true for all 
FCC metals. 
The above results indicate that the state of strain, purity, 
and structure are important factors in the mechanical testing of 
gold. '11!1erefore, to ensure usefu.l results, all swnples must be 
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g·iven he·at· t··re:atm.en·ts, .p:r·i·or ·t.o 't'.estt,ng· Which :~e·au.it· f_:p. comp·-arab.l'e. 
tb·ei~m.ocompression bondi_n·g ·wer~ up._.e.d t:q. the pre~erit experiment. 
'. 
v·ari.ous method$ of cont.rql4i_ng strain r·ates have :b.een 'us,.ed: in 
:.compression t.est.:ing. Th~- Q~ :pia..stq:qie·tE=.r q,e~ig:p.eci ·by:: Oro't-tan27 , 
PY: :many investigat·ors_.. F:or the P.re:sent experimen:t, a. c .. onstant 
·cr:ossh~·a.d speed- w~~ µ.aed. With :a constant:· 'Crosshead speed, at .a 
t-rue strain of O .·50 ·the s.train rate is less than doubled. 
Th d f t . f ld . h b · t · t d2B-3l · · e · e orma 10n o go in creep as een 1nves 1ga e , 
b·ut little has been reported in the range of strain rates of 
interest in the experiment reported here. 
Many investigators have attempted to determine the flow 
pattern developed during compression. Nadai 32 has presented 
analytical expressions to explain it. In the present work, the 
flow pattern was observed by scribing an ortl1ogonal grid on an 
interior plane of the sample perpendicular to the long axis and 
observing its distortion after deforn1ation. A plane parallel to 
the gr i (icic:d J)lan c· w Ei • .::; po li :~; h ,_:,d ru1 d et ch (::·d to ob::.; e rve tl1 e def o:rrned 
microstructu.rc. (fhe flow put tern wti.;,; obse1·ved to cl1eck if there 
are strain, strain rate, or te.mperature effects. 
The present experiment may be divtded into two areas: 
• 
. . 
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f. 
,1-~- Str.es,:$, .determinat·fon - values :for. ]iom.ogerreous: 'plane s.-tr.ain 
. . . . ' 
~t .25°·c::, 1:5·:·89-C -~ 311-~c'.? :and. 1+5:8°0 a.rid. at different strain 
-··· ..... . 
·rat.e.8-. :Th·~, plane str<i1-in. val,ues· w.e·re convert::e-.d t:e>: :un·iaxi.~ 
val.ue.s. ·by use of' ,equati.on (2.). ~ .and 
.... 
·2. D:efor:mati.oi1 a.r1a.. :C:Iia.nges·.· :in :s·t:_ructure: •-~- tlte deft>rrne,t.i.bn, p&tte.:r-n. 
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:J.I-... Experimental- Proct=·ciure. 
The experiment con·sist·e·d ,of> l:l. series Of ·c()IIJ;p:re'f>t:rf:on .. "test.s ,. 
' ". ·. t 
p·f s.ma.11 prismatiic-s-:tia.ped. sa.mpi.:e:s of gol-d. 
The basic -piec~ of equipxnent used was an iins.trqr1 tioo_r· n.i.od~J,~. 
designed· to fi:'t ·int·o the ·testing machine·.- It ·is const,ruc·ted from, 
. '.. . . . ., -... 
two b·locks of 3_03· st.a·inless steel. .. . ·The upper block .. fastens to. ·t·h.e 
cirbsshead and the lower one to the load cell. Hardened Vasco 
J4:.A.X. plates· ·provided a firm backing for the tungsten carbide 
compression surfaces, whose finish was approximately 8 microinches-.-
All samples were tested with their long axes parallel to the 
grinding direction of the tungsten carbide plates. 
A temperature-measuring chromel-alumel thermocouple was 
mounted inside the chamber and temperature-controlling chromel-
alumel thermocouples were mounted in each of the compression 
blocks. A copper sample, with a thermocouple placed in a drilled 
hole, was used to verify that the thermocouple in the chamber 
indicc:rteci the S!Jecirnc~n te:nrpe:ru·LtLre. 
'rhe loud w.:.c-] IrHla!; Ul .. cd by· the Ins tron load cell and the dis-
,', 
placement was measured by a transformer-type di'splacement transducer. 
The brackets holding the displace.ment transducer and its core were 
ll 
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··plaJ;H~d .just -011ts·!ide tfi:e, co.oling ·wat.:e.r t11bes:. ·Af4Y ·:error in· -~ 
\ I ,. 
. '. me-.as:u.;ring-- ·.displacement. due t-o· crosshead or load ce,11 defle·ction 1 
was· t_.hus e.iimiriated.. 'Th.e outputs. from both. the: lo.ad ce1·1 ·and .. 
l·oad.---disp1acement c1.1rve •. 
The sample sizes were cno·seit :$0 a.s to b_:e l~rge. eno ..u.gn t.o· 
:a:L1ow eortt.rol o.f t·he ·str·ai.n rate and ·a(}qur~t~ :measJ.1.re:ment b~fore, 
during, and ·after the te.st·~- apd :y~t ~-m~+.1 ~n-~ugh to .~llow large 
s.t_rairi's -wi;thout exceeding -the .. ~Load -c~apacit_y of the equipment 
-available. All samples were ·cut from the same 0.100" thick sheet 
of ·co.id rolled gold to ensure that they had the same composition 
@d structure. The samples were cut to a uniform length of 0.90 
inches using a slitting saw. The heights varied from 0.0952" to 
0. 0990". The variation in height was due to the amount of grinding 
necessary to achieve smooth, parallel surfaces. The samples were 
etched after machining to remove any surface impurities. A 
spectrographic analysis of representative samples showed only 
copper ( < 10 ppm) and silver ( < 50 p1)n1) to be present as bulk 
impur·i ties. There was no change in the impurity levels during 
testing. Studies made on the effects of heat treatment on 
hardness and grui n :; i ze are ~::;hown in rrub.le I tJ.nd Fi p:ures 2, 3, 4, 
and ~,;. tu· 't''z111·L·.1;· .. t'".i) tinnt•n i ir1,·.·.-'/' nt li';o· Oc·, ., ... , .. •C'1'"1,rc··t.'ri'l l ··1· '.·,···· t··lr·i,·, l.·."( .. )"lcl an . . ii ~ ~../ ij,, f • .,, .• •-.~t._ • t ....... II' j;. -'PL__.,.\,.•--•· .:fo.. <Ir, .J (_. \J ,.:--· ,;,., ..,._.. J ~.J i.c ·;. • ar-4-, ~, •-~ "-c-<• 'll-~ 4' "- ~J • • ' 
an11eal at a highe:r te.rnpcrat w·e ( 480°c) does not appreciably change 
l2 
.. 
• 
. \ 
. j,,· 
\ 
\ 
·.··. 
I ' 
i:n:Lti-al st.ructure:·. 
:::prism~tic __ -'Shap·t=·d, sa.mJ>les- to ,_a· str.ai_tr. of appro.x:i.ma:t·eiy b·. 5.0·, = 
h. , . 
..__. 
~·. 
( ·E· = -·in h_. :::;- o· •. 50.). :at :_a, ·oonstant c-:r·ossh:.e_ad ·s:p·.e_ed .of'· d .-0-2'-'•-/.·min .• 
. · .. o.-
at room t·~:p~rat-qre·_, 15:a·oc_, 311°C-,. a.rt.d: 458.qc. ·.For ·a sarripl.e.· 
originally· .b.99:" in: :hei.ght ~- t-hi~ +9e_s.·ult·s i.n· a st-x.·ai-n rate t.hat. 
- .. ~:3· ~1· - -3· -1 
. f . . · .. · · . · •, ·-· t' ·•. '1 3· ·3· 1·0·. . . · · · ·. · t' ·5 7 · ·1·0· . --· ... varies . ·rom an 1.nJ:. ·:1a- · · •. · • x .• · ·.sec· ·_ o . · x . s-·ec . 
addition tests we•re· made at crosshead 
0. 2"/ . . ·• min. , or initial strain r.ates of 
speeds of O. 002":/min,. 
-4 -1 3.3 x 10 sec arid 
:I-ti' 
Three different sample widths were used. They were 0.075", 
0.100", and 0.160". The initial heights were approximately 0.1", 
so the initial width-to-height (w/h) ratios were then nominally 
0.75, 1.00, and 1.60. In this manner, stress-strain data for 
three different geometries but identical amounts of strain and 
strain rates were obtained. 
Another prL1"t of the experiment was directed toward observing 
the n1ic1~o~~tructu.rt: ,u1d the flow pattern inside the gold ~;tunples 
during defor·n1iit ion. 
The flow pattern vas observed by cutting a series ot samples 
13 
'},~' : ... . ' ..... ,,;:. 
·of: the: flat surfac.(=s. t-hµs. -eJCPOseci was polishe:d sm.ooth =a.n:_d :s·c~ibed.. 
....... t. h-.. .. - . •;. d f 1 ·• · · :· o·· n1· ·o·,; t w1 ·. ·.. a s·quare -gr1 .·, o· · _:i.neq .·· • ~- _ . ·. -ap:ar .•. 
•. . ' 
:o 
· .ha.l.vet,. :of the R::ample ·we.re :then: pl:ace.d in .cont:.a.ct and -~ eompr:e.s·sf on 
¢iescr~b·ed· ~bove. By obse.rvi·ng th_·e distortion ·oof' the grid., it was 
.. 
. ·. . : . . . . . . .·· . . . . . . . . . . . . . . - - . . . . . ''\... J)oss_il>.l.e to ob$erve bow elemental segment··s ·of ·the SaJil.IJle deformed . 
. etc;hed. The poJ.j.shi_ng: :and .. e:tclling, tecllnigJ1es are d_escribed ~Ln 
the Appendix. 
The two parts of the experiment were then: 1) obtaining 
quantitative values for the homogeneous compressive stress at 
varying strains, strain rates, and temperatures, and 2) the 
qualitative observation of the microstructure and flow pattern 
of gold during compression. 
11' 
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III. Results 
The load~.<lisplacement dat·a · were. :·analyzed usi:ng a meth_od 
.~ " -
s.imilar to that ot Cook a.zid La:tke8 ~ Msum~ng constant vo1ume 
wh±.ch _yields: h w 
whe-re, 
.. 'C): ·o 
·w· -_ ... _-_ 
· ........ h 
h· ·= fn:fiiial height of spec·tmen 
o. 
w· _ = ini:ti.~1: width of :s: __ -p·._·e·G.i';zp.~,r.1 
··o. 
,1. =. tnitial length: of spec·ime-n. 
·.o 
h instantaneous height 
w = effective instantaneous width. 
(.4) 
The definition of an effective width will be considered further in 
the discussion section. The w/h ratio, from eq. (4) above is 
b w 
0 0 
w/b = h2 • (5) 
The effective area is then w 1 , so the plane strain flow stress 
0 
' <1 is given by 
' 
p Ph 
(I (6) 
where P is the load. Tl1e results for all of the tests are given 
in '!'ables II th2·ough VIII along wi tl1 the ini tinJ. specimen dimensions. 
The instur1tru1eous l1eight, h, corresponding to a true strain 
.05, .10, .20, .30, .40, or .50 va.s calculated using the definition 
15 
of; true st.r-~in .. , 
l,.; 
il 
~ 
·f_ ---~ ,~ln h - >. 
·O· 
:_arid <the ·resµlt~. ·w¢r.e. t:~buJ.ate:d_. ·TY.rert th·e c·o.pre~:pqndi_n_g_ wid.t.l}:, ~, 
:ana t:he w/h. r~tio ·:we:rEf -.cal:oulat:e·a us·f:ng e·quations (4:) &nd {5). 
:The, load,. :p:, c9r1;es12qnd~.nf; ·to thE= -instantaneous le_ngth, h, was 
' ._ re.ad· r·rt,ni the. .load--di$p.J_acement curve :and. -t-he/ :flow stress u· was 
' ;c:~:cU:l&t:e-d: ~usi,:n:g: ·e:quati:on ( 6):. The. :f-l_Q}t st-r~s.a.- ··values, u , in 
'J'apl~s ,I.l - 'VIII are for non-homo.gepe·qUs: p-lan~ s:tr:ain and include 
:fti·cti.ot1 ·and gtmetry e.ffects. 
; 
:The- flow stress,-: .u , was then _plotted ·against th.e <;!.,~1-culated. 
w /h. ratio· r·or each given strain. The resulting plots for each 
temperature Mo.: _stra,in r:ate are shown in Figures 7 - 1:3:_. 
To obtain plane strain compressive flow stress ·value:s for 
homogeneous compression, the lines in Figures 7 - 13 ·were used 
to extrapolate the data to w/h ratios of zero. The extrapolation 
procedure eliminates surface effects and yields the flow stress 
that would be required if deformation had been homogeneous. 
' The flow stresses obtained (a ) were those for plane strain, 
0 
since deformation is constrained along the long axis of the 
specin1en. To convert this to the n1ore familiar uniaxial flow 
stress where contraction 
(J' 
0 
' 
is not con:] trained, the relation 
-
-
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a 
0 (2) 
' "j 
I 
,/. - -- ' 
f ,, 
given. i.n Ta.o1e.s !X ~ .. -X:C. ·. The ·t·rue s .. tress~true s.t:rai.n -c.u.pv.e.·s· 
p:l.~:rt:ted ;from thi.s '.data :ar~ s.h.oW _'i.n.: :Figures -14 - )_9:. 
. . :, ,. .. . 
F-:i._gu:r·e 11+ sho:ws stres.s.-.st.rai,n: cur.ves at a cqns.tant ini ti:al. 
:-$trai.n r-at~ {3 .•. 3 x.· 10-3·- .~,ec:~1 ) &tl'.d dj.,f;ferent: t~mp~ra~u:re·s .. 
·o· . 
. -:>1·1· ·c .:.J_ . ' .. ···· ...• 
~_i,.ghe·r °Qy a :fact·o~ of· 1:0· at· 4:5.8°c. 
The microstruct~ur·e·s bf sa:rnples de:f_ormed a;t, various.: 
temperatures and strain rates are sho'Wll in Figures 17 - 22. 
Figures 23 - 28 show the scri.bed surfaces of the samples 
before and after deformation. 
Figures 29 - 33 show the results of comparisons made of 
the experimental data with the theoretical lines of Thomsen, 
et al, and Avitzur. 
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I·V'i Di~cussion 
'.A basic assumpt':ion made th.rqug_h oJ.tt the cl.at~ .. airalysis was 
. . .. ' 
thc1t ~. knowi.ng_ tfye :Lnitial :d::i::rnen,sions: .of· th.e S.:ampJ.e·., it was 
-pos.~ible a;t Fl,11.y t·ime to .c.alculat·e· t:t,ie l.e_ngth ·and' p~essure surfac .. e 
:area fr:om. tne he_i:ght, It wa:s· ~$. 8µID.ed. that the· ~ength an.d tct:·al 
vo:lum;E= :remain(=d.: .const_a.nt dwi_ng· deform,ati.9.n. Iiowe.ver' :there ·i.s· 
a Small ch~ge i.n length and .b,arrel.i:ng m~es it difficult to 
µp.·ambi·guously· defi.ne ·a w.idt,h and pressure area. Le.hgths and 
~eas· were: de:t·ernrlne:d. ·rrom photographs made be:f ore, and after 
deformat:i.on. and by measuring shadow projections. It was found 
that the maximum error in length was about 5%, and that for width, 
was less. The calculation of pressure area bJsed on the assl.DD.ption 
of constant length, volume, and cross sectional area should be 
more accurate than length or width measurements since the areas 
are compensating. That is, the actual width would be less than 
the calculated width due to barreling, but the length would increase 
slightly. Thus, 5% should be taken as an upper limit on the error 
due to geometric assumptions. On an actual graphical measurement 
of a pressure area, the error was found to be approximately 2%. 
'I1he strri.in rate n1erLst1rcrncn L:] 1n.::ide in t}1e JJrescnt invc~; tiglltion 
can be used to esti.111£1te ti1c effect of the s1ow~r incrcus.tng :-;tra.in 
rate. It will be assumed that the strain rate sensitivity at some 
•• 
18 
t.empe·r.a:t:ure :i.s :appr.oximat·ed by 
ln <T2/<11 r. m:- = 
' ··.c 8.) 
At room t.emp·erat.ure; ·wn.ere. there:-was no rec-cyst·a.11:~zation:,. the 
:flow s-tress: reversibly chaj;lged by a facto_:r of 1.03_5· at 0 .• 2· ·st·rai·n 
:when =the'· ·strain rat.e was :ch~ged by.. a ,fact:or of 10 . 0 .• -.: :The: ·st-r.ai-n. 
rate: s·.ens·i ti vit-y·:, ·m:,, i·s: the·n • 0073... ·substituti-ng this --val.tie ·of 
m into· e .. q. (-8) above:,. the :increase ·in strain rate by a fac·tor of. 
J.65 a.t O .50 strai'n reEfults _in an increase in stress ·by a facto.r 
o:f'· 1. 00363. which is attributable, ,to· strain rate effects. A true 
:stress-true, strain curve for a constant strain rate test could 
then be plotted by correcting for the strain rate dependence. 
At the higher temperatures, the strain rate effects are much 
more significant because of the strong effect that strain rate 
has on the structural changes occurring due to recovery and 
recrystallization. From Figure 15, it appears that stress 
changes by at least a factor of 1.38 when the strain rate is 
c.hanged by a factor of 10 at 311 °c. The strain rate sensi ti vi ty 
is then .140. Substituting this value into eq. (8) as before, the 
stress increases by a factor of 1.07li due to the increase in 
strain rute by a factor of 1.65 at 0.5 strain. The strain rate 
corrections for tests at 311 °c are modest except at the highest 
strains. At a test temperature of 458°c, however, structure 
19 
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·change$ a1;e. ·$:igni.f:i:Ga.rtt and: tht~re are 1·~ge str.ain:: rate: e·ff ec-ts· 
., 
a~ _:rp.ay be ·s~en in Fi.gure _1;6._ i1he . stre~s incre·ased by ~.· fa.ctor 
- -
:of· :·2-.5 vn:eh tb.e J3tr&i.n •. rat.e .:w-a.s ,increased l;>y· a fac.tc}r ·of 10 
.. corres·:I;,oncii:ng to a .strain rate sensitivity ·ot· 0. 39·8.. :tt is 
-expected. that t.he str-·ess: i·ncr.e·ases by· a f:actor of 1 .• 227 due to 
t·he I. 65 increase· ·in st·rain rate at a ·strain of O • 5. At- a s-train 
. . . . . . .,. 
·1-. o_-5--4_ du.e. t .. o· the ·.inc:re-ase in .. strain rat·e by·-· .a fa.c:tor: o:r· 1. 22 at 
. . . ... ) 
A constant crosshead speed lo·aq. :'applicat·ion was used in this 
investigation, which resulted in a variable strain rate. With a 
constant crosshead speed of 0.02"/min., the initial strain rate 
for a sample 0.100" high is 3.3 x 10-3 sec-land steadily increases. 
At a true strain of . 50 the sample is approximately O. 060" high and 
the strain rate is 5.5 x 10-3 sec-1 . The variation in strain rate 
is then by a factor of 1.65 during the course of compression to 
0.50 strain. 
Since all samples in the present investigation were 
initially the same height, the strain rate at a given strain was 
the same for all samples. 
Another assun1ption 1nade was that the type and degree of 
- . " · -- 1 1 11 · • Hi t. ·1 r· 1 , ·, , .· • r , 1 • • , ! 1 r 1 . ,· , ~ . .,., · -l • -- • i, , • • · · ·, • ·• ,.·• .- • , 1 , • .r 1 , , rJ f . t . · · . . " t· • l - . . 1·· · ' r1c to ..... c.h(.1 ...... ,. J i..,,1..,, ,,. ...... , ~)fer '-' 1e Lilt,.l! c p .. c .• J,.Jld " .Ll ,,_, .. t ur1ng 
compression. l~ost nnnlytical flow equation derivations assume 
20 
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There ·wouid ~~- two q.ividi_ng lipe$ -:p~-~llel to t:he: lqn;g. :a.xis an~ 
,e.quidist~t from ~- line drawn th..rb.ugh the center ot' the press:1.1~~-
. :.s:1irf~ces for i9ng p_ris.mati.c p·a,:rs, .Ins'ide ·t.h.~ aividlp.g lin_e~, th,ere 
and .outside the lirie t·here would be, sli.ding· friction. 
To ens.ur.ei sti,cking and that the· widt·hs o·f th.e -satripl·es: wo.uld 
increase due· t.o rollover of the sides ·rather th·an. ·sl·iding parallel 
to the pressure surfaces, relatively rough carbide plat·es were 
used as compression surfaces and no attempt was made at lubricatiort. 
That this was accomplished may be observed in Figures 23 - 28. 
That the coefficient of friction remained constant is evident from 
Figures 29 - 32. There mey have been areas near the edges of the 
samples where sliding occurred, but its magnitude was insignificant. 
The calculated temperature rise due to working of the gold to 
0.50 strain, asswning all of the work of deformation is turned into 
heat in tl1e specimen and that there are no heat losses, varied from 
approxin1ate1y 10°C at l158°C to aroW1d 30°C at room temperatu.re, but 
was 
' . " ~ 
r1 r, ,~ I • • t• ' , • t· 1 
. ._ t, --· .... " - L, . - . in the e;(perirncnt rc1)orLed. here. The hen. t :i n g cf' f e ct 
due to dei~or·znation would only be izn1)ortant at high strains, and 
36 
neglecting it is consistent vith the work of other investigators • 
The flow c~ves of F'iglll4es 14, 15, and 16 are of the form one 
2l 
t 
l. 
. 
. ' 
.. 
• 
\ 
• 
. . 
t~nsion deter.mined by .Ana._er..son1 anu'We_nge:r19 are included for 
· .. ,}. '.<: .. ' . 
comparison and the :flow. curve .for compre:ssion. deter.mined by 
·1_-ow strains, ·the mate.rial is s·till .conforming· to th.e compr.ess-i.on 
o:r ini:tfal_. contaot • 
t·o the tensile yield point i.s .consistent with Carreker and 
Hibbard I s 26 conclusion that the yield point is :relatively inde-
pendent of temperature for annealed pure FCC metals. 
Anderson's flow curve (Fig. 14) appears high compared to the 
room temperature curve of the present investigation. This 'ay be 
explained on the basis of impurity levels or grain size. 
The variation of the positions and shapes of the curves with 
changes in temperature are qualitatively what one would expect 
from a knowledge of the structural behavior of gold . 
. When a metal is deformed at elevated temperatures, the increase 
in flow stress due to strain hardening is balanced by si.multaneous 
softening due to rccoi.r(:ry or recry~;tl111i :,:n.ti on. 
At room tcmpc rtLt u1~c ru1d 15B0 c in Y.1 i f~u1~e lh the flow stress is 
• 
22 
•/ 
· tru.'e stra.in, lndi cat.i:n$ ·th.at the rate ; qt strain harderti.ng. i.s: 
At .. ·311 ° c. ·. the .. ·curve 
.·. ·, , ' ' . ,•• 
'. 
'f'.l:att:en:s out. at :l~~ge E>t..rains. oe.¢:&us-e. .s:t:raiJ1 harden~.n·g ·and· .dyna.tni·¢:. 
" 
·Tl1e strain ene.rgy, due t.o.- d~fformation may· also 'C!·dntribute:to 
.re·storation.. 'Jfue flow st:ress at h:igh ·defo.rmations should decrease 
458°:c (Fj_gµre 1.4) th~ .effect of work Etoft:en·:ing is ill us·trated. 
Stress-strain behavior similar to that shown in Figure 14 has· 
. 34 37 35 37 . 25 34 been observed for aluminum ' , copper ' , lead ·' , and 
. k 136,37 n1c e • 
One would expect to see some correlation between the shape of 
the stress-strain curves and the deformation microstructures. The 
microstructures developed for 158°c, 311°c, and 458°c compression 
at an initial strain rate of 3.3 x 10-3 sec-l are shown in 
... 
Figures 17, 19, and 21. 
At 158°c, the X-shaped area of deformed material is characterized 
by deformed grains which have been sheaJ·ed parallel to the legs 
of the X. Outside the area of deformation, the grains are more 
equiaxed, indicating 1·elatively little strain hardening. 
At "i ,1 ··· o ,·, •. , "'· 1 t . - r 1 ... - • ., .. ( • ,-J, ,• --· ' L, • • C "' ._, • " ,. . .,, ~ .• _ t !- -, ~ ~ d l . . f • \f 1 C l ( • r l I • f • ( 'i ' (J, (.J. ·t 'i, .. r r fi ;. 1 j q n :r ·l l ·l • r 1 l r1-· tJ' an -. 'I.¥ •,.._., , ', -+ II .... ..,_., ·c . .,_ '\.,,.c _ _., . ' "• .. J 1,_.,- •• i_ •-.• ... ,. ..... /_ .•. , _, '--"" Ii> -C:J' 
recrystallization. trhis in t<.1 be expected since tl1c st2"css-s'train 
23 
'. 
· cl.ir·ve .-is· :horiz·ontai.: 
., . ,,··· . . :. -. - .. ,. 
~a. ·gra~n.- growth. is: in . -eyidE=nce, as w.ould be expecteq. from: .the 
s.t:re-s.s-s·train . cur·ve·. 
:·.rt- sho.uid be borne i:n mg::.nq; th.at the· mi:crostrµc;.t,uxe.s· i-n 
tempe.ratµres· an.d air coole·d. _Al though th·e samples were: removed fr.9JD. 
tl1e: ~es-ting chamber .as quickly as pos.silJle, it is est-ima.t·ed. ·t:hat 
t·he- t·ime· from tJ1.e er,ui of t:he test· to removal was· of ·the· or.der: o-:f'· 
·3_0· .se:conds. Thus the .restoration· processes of the sa.mpl.es. cori~ 
t.ipue.d slightly after compression wa..s .. complete. 
Although other investigators have observed the restoration 
process described above for other metals, the mechanism is con-
sidered different for different metals. According to Hardwick 
37 38 
and Tegart and McQueen, Wong, and Jonas , restoration is due 
to recrystallization, polygonization, or both. Since polygonization 
is mainly the result of dislocation climb, it should occur most 
readily in materials with high stacking fault energies, such as 
aluminwn . ~1·r1cr'\ ·till.'':') J·J·oJ,r1."'.·0r1-1·.,,.t:.·ci ''"'"'-nt(-• .L·,·~ n r11r.··t·:ic··•-, 1 ~0···1-·:, one l
0 t 
....., \,;.. 1 _ .,., ...•. , ,_ ._)l,..__. '- _ ..J t .... ·'- , .... JL,._... •
. e , 
' "" ~--
shouJ.d de1a.:,r the onset of recry·stn11iza.tion. Gold, with a low 
stacking fault energy, shou.ld show little evidence of poly-
gonization , but recrysta.1li ze rnore readily. ?~aterials, such as 
gold, with low stacking fuuJ.t enc.:r.gie:.; !J!H)uld thu:J :::how :-;h11!''1)Cr 
·-· 
, a 
ins·t-abili ties: i.n t:he-ir stress:.s:train . curves :at :h,igll tepiper·a.ture_s: 
.... 
than should t;t1os~ wit-11. hlgh. s,tac-ki_n:g fault -e.:t1erg:ies. :'I'h:is :is. bor-ne 
- _. . . 33: - -_-. . -·. '·' _--· -.·· -: _ .... ',. 35 --o.ut 1Qy'.. the re·sults .of Arnolci and :Parker -~ Al.der an-d :Phillips :, and 
B:.ardwi ck and Tega.;rt3'7. 
:l3.: con_s-tant :temp __ ·e.ratur·e -~ t·he: ·rate of str.airi :h-ardening r.ela.t-ive to 
.,, 
:strain rate. This effect should rais-e ·the:- arp.q-unt o:f ·E?tr~ss-
:req~_red to produce a given strain and also raise the slope of 
the stress-strain curve. That this is indeed the- case :j.s shown 
in Figures 15 and 16. The strain rate effect is so pronounced 
t·hat the curve for 458°c can be raised above that for 311 °c by 
raising the strain rate by a factor of 100. 
It may- also be seen that the effect of changing the strain 
rate is also influenced by the compression temperature, i.e., the 
higher the temperature, the greater the change in the flow curve 
due to a change in strain rate. In the present experirnent at 
-25°C and 158°c, the strain rate was changed by facto:rs of 10 and 
100 during the course of a test. The changes in the load-
displa.cernent curves were slight and the cuJ'.~es for all strain 
rate~; we rt: n.J rni.:;~; t ') ti ·r~ n ·1 ·1 f. l .l ·_ ,; __ . ' ~ .., ' . - ~. '-·-· - • 
.... 
.. '! -- ·. . , . . ~ 1ft 
•10"'_r,.1r1•r ,.r[)i••1·1 tc1r• J. • ff ~ # "-.---.• ~'"' ' rt ,. ...,__.._ It V ,,...., t I .. . 7""'.. . ~! _,, ... d1Il rt1Lc WllS 
changed at l·1ighcr tempcz"atures, the 1ond-disp1nccn1cnt cul"Ves were 
25 
. 
. :rUn s.~parate .. :s,arn:ple~t at· the · different st:tai·n rat:es in or·der to 
ob·tain da.t.a. :_It is -evident tram the curves-. that a. fact'c,r of 10 
chang __e in st.rain rate: at :4:58°c produces a greater ch~ge :in 'the-
.flow c.urve than .ao.-e·s th_e··· same. st·raJ;n rate change at: ·311°0. 
•. . 
AJ.der E!.Ild Phillips35 , Bailey and •SJ,nger34 , a.b.d Arnold E!.Ild 
33 . :. 
:Parker· · , also .foun.d a variation in strain rate- depend·ence with 
·tempe:t·ature irt thei.r te·sts on other :metals.-~ 
'I'he microstructur¢$ cleveloped during· deformation at: varying 
strai.:rt· rates exhibits the characterist·ic$. one would expect to 
see from a knowledge of· the stress-strain ·curves. At 311°c, the 
microstructures are shown in Figures 18, 19, and 20. 
-4 -1 ( with an initial strain rate of 3.3 x 10 sec Fig. 
The sample 
18) is 
al.most completely recrystallized in the region of deformation. 
When the strain rate is increased by a factor of 10 (Fig. 19), 
recrystallization has only just begun, and there are many deformed 
grains in evidence. Increasing the strain rate by another factor 
of 10 (Fig. 20) results in an even further strain hardened 
microstructure. / 
rrrhc S!lciJJeS of the curves in Figure 15 are consistent 'W'i th the 
microstructures of Figures 18, 19, w:id 20. 
\i 
At l~ 5l3°c ( Figures 21 and 22) , recrystallization has occurred 
at both :; tru.in ru.tcn, 
r) 1 
al th<)ugh tJ.t tht: fu.!J ter one ( 3. 3 .x 10-(',:. sec - ) 
26 
I 
. 
) 
·th:e grains: .are- smal:1 'i-n the defo·rmed· area, :indicating: -l·~s$ gr~.in. 
. ' . . 
-_ .. ·_"':....,__h-gro.w- ll.-. -.• - From .. t-h·e· flovt-curve and the· micro~t·ructµr·~ ~t: ~he :sJ_ower 
0 
P¢en:· .approached, ·since.· gra±~ growth is ·we·ll advan.c'ed and the 
In, fa.ct,, .i:ri l\.igur.e 21, .it -:is ·di:ffi:.cuit to discern where· the 
·the .1o·adi.ng directions and normal ·to the. long ·axi·s are ·shown .i:n 
·before-and-after-deformation photographs in Figures 23 - 28. In 
·these figures the X-shaped slipped aree. of deformed material is 
quite obvious. 
Equally obvious is the relatively undeformed area where the 
relative positions of the scribed lines have changed little. The 
undeformed areas near the sides of the samples have remained so 
because the sides have been free to move out and the stress in 
, 
these areas l1ns not exceeded the yield l)Oint. At the tops and 
botton1s of' the samples, there-, has been relatively little yielding 
• 
though hydrostatic stresses are largest here. As the amount of 
strain increases furtr1er, it would be expected that the proportion 
By con1pt1.rlng i·'igu1·e :~J~ ( t = 0.15) w'ith Figure 25 ( t = 0.43) it 
is possible to theo1~ize the method of flov. F·rom Figures 23 and 
\ 27 
p 
I, C ' 
;;t5: ·- .28:, .it ma,y· be. s-een ·tnat _Ii tt:.1e -._.moyement o.ccµrs near the 
:.a·cross ·t:he· uppe'r ·and J.owe:r· a.ur'f'aces .. : It ·trtus 'appears. that there 
ne~r- t·h·(= c.enter, and subseqµent rollover of the. ·out·ermost elements, 
at t:P.e c.or.ners of the s.ample-s. 
. " 
The observed deformat:ion· pattern fits that of other 
.. t· t 6,8,12,32 ·N- d·. ,.·32 t 1· t· al h 1nves 1ga ors . a a1 · repor s an ana y 1c approac 
to determining_ slip· lin.es. His equations are: 
where K = 
(1 
1 - (1 2 
2 
Kx + 2K 
" = C + a -X 
Kx 
-
. ' 
a =· C + a Y' 
(1 
xy -- -
& 
a 
a= half-height of the sample 
2 y_ 
1 - 2 
a 
X = c·f ·1' .~ • ii.! '· .... ;, t,, .ll.t.· frr)!n cc:n tr·r t n h<)ri zon tal direct ion 
y = diottu·1cc from center in verti cu.1 dirccti on 
28 
I! 
(9) 
.. 
I.f the s.1.:tp. li:rie:s of :equ.at:L.0.1.1 f9) are :c,ons:i·d·ered ·t·o be th.o·s·e 
.I. . 
'· 
::;:3;;Lgn ot.· ·the· radi.cal must ~J~:: us.e.d. The· :sii.p 1ine.f3 q.~v.eloJ?ed· w.o.uld. 
th·e.n b.e cyc·loi d~1. 1!1 shape and t·hOS e· . b:f:.i·g.i·ri.atln.g· :at: the t.O;P 
. . 
.. , surf{:3.¢.e would be o·rtnogonal to those o~~gi.nati.n·g at: the bottom. 
Ne.ar the· c:e.nters of the ·t·op tw.d ·bottom surface·s the .shear:i.ng 
t.h,e.-s·e· a.re11s must be .. e:1.iminated .·* 
•• ' •• •• •. 0 M •, • • • • ' •' • 0 0 • < • • 0 •· • • ' • • • • • • 
If,, i.n Figures 23 - :2·8, the beginning of sli·p ls. ta.It-en .as 
the locus of points at which the scribed grid lines c;t~ase to 
·become orthogonal after deformation, lines drawn through these 
points approximate the outside boundary of Nadai's slip envelope. 
The slip lines of equation (9) should not be confused with 
the streamlines of flow. Flow lines are those lines which 
characterize the direction of flow of the material, and are 
parallel to the long axes of deformed grains in a photomicrograph 
of defo1 9 rned rnaterial. The slip lines of equation (9), on the 
other hand, are at all points orthogonal and syn1bolize the areas 
of uniform slip. 
Little variation in the flow pattern was observed w'ith changes 
in the strr1:i n rn.te ru1d temperature. 
*'riH· r,·.:·~~·r~z:· .:~:~) IL!l('. con.f'igt1rnt.ion is ohown in Flg. 37-8, 
·1)fH·"···.J" .. ~-· ,:··' ~-i~, !:· {;r!.i,tLl t ;; (JO ~ tl~rht•(ir'\,,.. ()f' f•'l ,JV f1n,1' ~11 i"n»f nz .. .,. r,4~ ~~O]id.S ti -r "' .... ' . 'll'!l _., _, ... -- .. _.-.... . .. _..,._ ·.c n ~ ...... <c' •• J . .,. .. _._ ... !!;~_.,. '·"' \. •.• _ "\._~ ·¥J. ~ /;; , 
Vo··· 1' i . ) n . 1· {. i 1· ~/ C ez· h L!' a i J· 'l 'l n t (~). ., . . ' '') .,.. ' '·r . . • . .. , , ¥=it't· ,.,,, .• , ,. •.. ,·.'\.,. ~ .• ft-.~, ... ,., , . 7 1 ·.· 1 •. )i). ){, - 1) • , • ~• t·' ~ ,~-
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--
~-~·._--.... 
'- .. '-'•-• 
·pre-sent,, i.nvest.i.~att·pn wi.th .a . nunibe-r of·: analytical., ap.proaches , only. 
two ·ltrere cons-i.de.:r~.<a · :i;Il ·Q.E=t.a:tJ... 'rhe .. ·tirs.t ·was· ·that of .. Thain.sen, 
e·t· ·a .. •l> l'li · 
. . . . ., 
w· {µ-} h 1 e 
-
- w ..... µ 
-h 
' 
r.10 J 
~lement, and obtains the require-d aver,&g· e stress (p· ) by 
· · · · ave 
integration. It assumes constant f'rict:ion and homogeneous 
deformation. It also assumes that there is a point a certain 
distance from the center line inside which the sample sticks to 
the compression plates and outside which it does not. Equation (10) 
assumes that sticking occurs over the whole surface. From measure-
ments made on the gridded samples, this assumption appears to be 
valid. 
Avitzur 1s 16 approach also assumes constant friction, but 
takes into account the non-homogeneity of deformation by including 
barreling in its development. The resulting equation is 
1 -
(11) 
30 
.. 
-' ' 
wh.er·e -in is -t:h¢. .. fr:tction :f':a:ct,or de't'ined by 
T ;:; lU -,.jJ 
·whe,re r is ,the sh.e·ar .st'res·s. at the surfa~e .. , Equ.at:i.on .. (11} is 
.develOpe·d ::f.rOlll a COn$iderati:On of the veloc·i t~ of the comp:res·sion 
.Plat:es, whJc:h Wl3.S ~ssumed constant.. :S'ince the pres:ent investiga.t·ion 
.involved ·constant ~ros.sh_e·~d ~pe.eds .in-stead of c.ons.ta.nt· ::rtt-ain rates., 
-J)ts res:ui·ts 1·end ·them~elye's well. tp .A.vi,t:z.:u.r 's .a.pp:ro-ach .• Fron1: ·hhe 
~· 
vel·oc·i·ty :of the compression plq,te:s, ~xpr.essi,e>ns we:re obt.ained. fo.r 
' . 
t·he. velocity of any part of the cross-sectional area of the sample 
•at any time. It was thus possible to obtain energies of deformation 
by integration and thus to find the required deformation stress. 
Avitzur also presented a triangular field method of analytically 
obtaining the plane strain flow stress. In view of the triangular-
shaped areas observable in Figures 17 - 28; it may be thought that 
this approach would best fit the data. The triangular field 
approctch, however, yields inaccurate stress values at low w/h 
ratios. Since it ap1)roaches the velocity field theory ( equation (11) 
w 
-
at high h ratios, only the velocity field approach was used. The 
fact that the velocity field UJ)proach n1ey be ap1)roximated by one 
ass wn.i. nh: tr i u .. ng u1ur-:;;h ttpcd def or.rnn.ti or1 areas al lows its use with 
confidence, 
A comparison ot the two theories (equations (10) and (11)) is 
31 
.. 
.. 
.Ill~ .f:rict·ion. factor {Avit,z:ur) were: .drawr+ •. :rbe · .d.ata ·trom the_· 
line;:3. 
sti.ckitig has occurred in· the pr~s.ent experiment, equat$Qp C~Q") .does 
. ..14 :n·ot- fit the data well since µ is no longer a cons·tarit· · • :Eqµt:1t·.i.on 
(11) has taken sticking into account. 
Figure 33 shows the results of plotting Avitzur's theoretical 
lines on the data from the present experiment. It is apparent that, 
with sticking occurring between the surfaces of the samples and 
the plates (m = 1), the theory fits the data for a material with a 
horizontal stress-strain curve. However, with a work hardening or 
work so.ftenincr, rnu.tcrial, variations in a , and thus T , across the 
0 
sample surfaces can complicate the analysis. 
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·v. Conclusions 
2-·5· 0 ("1 - -4:·5.---a0 c- ·. - · ·b - - :· --- - - · - · ---____ ·:·_----:G. ·"'!"I· : __ · -_ ·. · •· has -- e:~X+ ,dete.:r,r.n1n:ed, 
".... : 
458PC.: 
The e.ffect Of strain rate over the range 10'""4 to JQ ... 2 sec ..... 1 ha.s 
_als·o, been- determined!___ Raising the strain rate has ~n~ effect of 
....... -, 
raising the flow stress for a given strain and, whep· work softening 
occurs, raising the strain at which the flow stress decreases. 
The effect of changing the strain rate was found to be more 
pronounced at higher temperatures. 
Steady state deformation occurs at a temperature of 311°c and 
a strain rate of 10-3 sec-1 . 
The flow stress was found to decrease simultaneously with 
recrystallization. Furthermore, examination of the microstructure 
was found to reflect corresponding cl1anges in the flow curve at 
any !) o i n t i n the cl e f o r1n at 1. on pro cc :3 s . 
Deformation dw"ing these e;<1)eriments was definitely not 
homogeneous. Almost all the deformation was found to take place 
. I 
33 
. ~ 
deteririi.ri:e ho~ogeneous. ·11ow, .s.tresses·, • 
. 
The type of flow -devel·oped was independen.t.· o.f $·t:r-ain ;rat·~ 
and temperature-. 
The. slip envelope observed in this experiment may be 
·des .. c·rtbed. b:Y the slip equations of Nadai ( equation (9) ) . 
Both the ·analy·tical equation of Thomsen, et al (equation (10)) 
and that of Avitzur (equation (11)) can be accommodated to the 
.; 
results obtained in this experiment if the effect of friction is 
properly accounted for. Avitzur's friction factor, m, and 
Thomsen 's coefficient of friction,µ, were found not to be 
numerically equal. 
To make Thomsen's equation fit, it would be necessary to 
determine the variation inµ across the faces of the samples in 
such a 1nanncr as to satisfy the relation 
t1 0 
= JJ p' {i (13) 
\' 
.. 
' . is : not r.e;lat,ed 
.• 
would· b~ .. e~:~.o.ted to ·vaey:- :ae:c.or·di_ng·: :t.o ·t·he work h.ar.de.ni_ng. -ari"d/·o.r 
·pr,.esent expe:r.:imental re·s:uJ.·ts are: most· apjYrop:ri·.at·eJ.y int·e.rpr.et·ed 
. ~ . 
assuming the: sh'~&r·: ,stre:s.:3 ·at. the ·itlt-erfitc.e: is e:gu.a.1 t:c, ,tfie shear 
1· 
yield stres.s qf': trre mater-_ial and :a pl.ane· str.ain flow theory such 
\ 
• 
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G:r-&_:i:n· Si'Z'~-- .~Pid J:lar.dp/e$S,· Val-u;es ·of' Anneale.d- {fol-d 
. •. . • .... ,,P 
Heat· ·T.r.e:atment 
l.3p_:° C· • 1:0 mi rtut e·s 
.1·35=0 :c .. - 2·0 minut:es 
l'.35-°C - 40 minute·s 
1_3.:5°C - 70 minut.es-
13500 ·- lO"C) minutes 
:4 .. 50°a: ...... 3.0: minut·es 
·4_80 .. PC; ~ ·3q :minutes 
J)i~o11d J?yramid 
:Hardn:e.sS,. ·(300 g. Load) 
:51.9 
:50-,4:4 
./50 :ti ::8 
44 .. -o· 
47.2. 
'45. 3. 
.3:"7 •. '.6 
38,.-6· 
.. 
·ar.ain -Si'ze: 
(. ) mm . . 
.... - .. _· · .. : :· ... :ti _· . :·· '·. 
:• J..50 
l c:o :_• :·- ·, "';;,;i :_ 
' -. "" .. -. 
Gqmpr~SS·i·on Data.. :'.Room :Temp·er.·at·ure~. 
_.I.·._ ·• t·· .•. ·1 ·s· t' ·• R. t 3· 3··. 1· 0"""·3- ~l 
.. ·n-1 .la' . . . r:a1.n . • a · e ;, : : • · x· , .. ·. ·. : se·.c:.-.- . . 
.S:ample 
·Description 
:A)· 
h = 9.5.2 mils. 
. w9' ·:; 74 mils 
·o _- .. 
-'l- · ·= .90.0 mils. 0 . 
B) 
h = 97 mils 
w0 = 100 mils 
1° = 900 mils 
0 
C) 
b - 97 mils -
0 162 mils w --
lo 900 '] - .1. (• 
- n • .i , .;Ji 
0 
.,..,. -
.• ·1:c): 
.. 20 
·- ~o 
.. 40 
·5·0·· •: .··. ·_·. 
.05 
.10 
.20 
. 30 
. 40 
.50 
.05 
.10 
.20 
:90 ,.5:: 
8.6_,:.l 
.78,.0 
:70. 5 
'7'7. 9 
81.8 
.90,3· 
57. 7 ·1.2,2· •. 1 
92-. 2 105.2 
87.7 110.5 
79 .4 122.1 
71.9 135 .o 
65.0 149.1 
58.8 165.0 
92.2 170.6 
87.7 179 .2 
79 .4 198.0 
' Fl.ow :st.ress, u 
(PS!.} (KgLmm2 ) 
., .8_6 :1-2 •9-.5_._ .·o. ' .... 
.l,-,-16 :2.4 ,OO'C)' 
. l~_42 _26 ,650 
1. •. 73· 29 , 100 
2.12 31,000 
1.14 13,870 
1.26 19 ,300 
1.54 24,650 
1.88 27,900 
2. 30 30,200 
2. 81 32,650 
1.85 15,100 
2. Qli /) ,,1 l ,-a •. l ',., 
2.50 ;26 ,350 
·9·,:-1.3 
1 ··3· --25·· .. ' :.• ' .. 
. ··- . ~· . . . ·-
:16.-9·2 
·18.·80 
20·. 50 
21.85 
9,77 
13.60 
17.38 
19 .68 
21.30 
23.00 
10.65 
1b.h2 
18.57 
, . 
. . 
I 
,·. 
,. 
r 
~·. 
~ 
,. 
,. 
,, 
s:aitl;ple 
IJescription 
· •. '.40 
7_1.,:9 .2i.S. 7· 
,65 ._-o· :21+2-.• 0 
· .. -
' :Flow Stress , a 
3 .():4. 29,800. 
:.:3 .• 72 3.3: ;(100 
4. •' ~i~ .35 .. ,,6:5:(} 
21.00 
~{3. 25.. 
.25:.14 
·, 
I 
I 
~:,:.·::; ... . , 
:TABLE: r.r:r 
' - . -: .. . . .. ·. : ... . · 
0 
.c·ompr·e·~ision, Da,"tt:a·.. 158 C-• 
. , 
J.:n:Ltial St:rairt :Rat.e~ · ~3 -1 3~-3: X 10 . S~::O'• 
:.S·ample 
Description 
D) 
h = 95. 2 miJ:s· •. :o·:-5· 
w °.· -:::: 7 4 mi.ls 0 ·. . . .. · 
1. ·_. =· 900· :mils: •. --:10. 0 .... . ... 
·E) 
·: ' 
h
0 . = 95.2 mils 
w· = 100 mils 
·o . 1 = 900 mils 
.o 
F) 
h = 96 mils 
0 
= 97 n1ils w 
lo= B6li n1ils 
0 
.z:o 
.• :40 
.!50. 
.05 
.10 
.20 
. 30 
.40 
. 50 
.05 
.10 
.20 
• 30 
• 
:h w· 
(mi·l-s·:):_ (mils) 
9,0.~ ~ 
8'6.~1 
77._7 •, 
:8'1.-6:· 
7·8 •. 0. 9.0 .• 0 
·7.0· ~ ::? 9.-:9 • 7 
·:6:3··:· 8 1·1·0 ... 1 
90.5 105.1 
86.1 110. 5 
78.0 122.0 
70. 5 135.1 
63.8 149. 3 
57.7 165.0 
91.3 102.0 
86. 8 107.2 
78.6 118.5 
71. 2 130. 8 
' 39 
1·: 
.•. 86 10.-:, 850: 
.. 
·.;; 95_: 15 :, o:oo: 
1.:1:5 
.1 ... :41 
i:. 7:3 
1.06 
1.28 
1.57 
1.92 
2.34 
2.86 
1.12 
1.24 
1.51 
1.84 
2t).,·6.oo. 
:25-,100 
11,850 
16,100 
20,100 
22,700 
25,300 
27,700 
11,450 
15,750 
19,520 
22,300 
:7.65 
io: •. 58 
]~3 ... 04: 
.:14 ~-5:3. 
.. i6 .. 3.0 
:8.~-.3p 
1_1. 35 
14.18 
16.00 
17.84 
19. 53 
8.07 
11.11 
13.78 
15.02 
:s~ple 
:De·s cri pt ion . 
G) 
.h. = 96 mils 
.. 0 · ..... 
w · · = 161 mil:s . 
. '() . . .. .· . . . .. 
l ·= .9:.00· m:il·s 
. ·O: .... 
:TAB.LE.· l:EI. CC.ant ' .. d) 
h: w 
·:s:t·.rai,n {mil·s) (mils) 
•.. ·30: 
.1to 
. ·. 
•• 5·0 
:9:J~~--·· 3 169 • 4 
B6· •.. B· :1.78: •. 1 
l9:6:. 7 
.64 .• 3 240·· •. 5 
5;8.•2: '.26.5 .• 5 
' Flow Stress, <T 
w/h {PSI) (Kg/mm2 ) 
1. 86 
2.05 
2. 5'C) 
~}.{)"5 
3·. ~r4· 
·4.-56 
11,·5.o.o 
16· .9··.o. o 
' .. 
2:2:,-4:5:0·. 
1t5.: ,,700· 
291 .300, 
' , .. 
3·.3·.· '• ·500 
..... :, .... 
8.10 
·15 •. 83:, 
'.l8.:i3 . 
.2ct. 6.5· 
23 .• 6:3 
\ 
•• 
· I 
I 
l 
· l. 
.. ~ 
COinpres:sion IJat:a-. 31:1°c: . 
. · . 4: · 1· 
.. ' - -·_ ·,' -- -_. .,_· . -_ •,• . . . . . . . .... - ·_ I.n·l t·.i-al :st.rai-n ·Rate-; 3 ··-3: x 10 _· -s.e.c .•: :_ · 
-s·am-·1e ... p .·. 
Des-cr:tption 
H.) 
·h . =: ·98_ mii:s O' ·. 
w. · =' .-101 mils 
··.o·. ·_· __ · __ - . . . 
l .. == ·9-.00 mils 
-o. . 
(J) 
h = 98 mils 
w0 = 160 mils 
1° = 900 mils 
0 
)1 W 
, st·r-af rL. (mi.ls } {mi ls) . 
.0:5 
•. 2·0. 
• 3p· 
.·4o, 
.05 
.10 
• 20 
. 30 
. 40 
. 50 
,8:8: •. 7-- ·111. 5 
80.3 123:..-2 
7·2 .;6. l;J5: .. :3· 
·6·5· .• -r-r 1-so :_._ 1· 
05:9 .. :4 166· .. :8 
93.2 168.1 
88.7 176.8 
80. 3 195. 3 
72.6 216.0 
65.7 238.6 
59. 4 264.o 
~l 
:, 
.. :iriow $tress:-~- a 
w/fl J:es:rJ C~/mtn2 ) 
l-:.,14· 8:._370· ,. . . 
.1.-. 26: ·10 -2-00 
.. '. 
1 .. :54- .i2 , 700 
··i. 8·7· 14.,580 
2 .::29 15,860 
2.:80 17,400 
1.80 9,590 
2.00 12,450 
2.44 15,920 
2.98 18,700 
3.64 20,900 
4.44 23,350 
··5 9·0 : ... •.· ... ·· ..
.• . 
7 ... 12-
·10 •. 28 
11.1.e· 
12 ... 28: 
6.76 
8.78 
11.23 
13.19 
14.72 
16.45 
·Sampi,e 
. I)_<::s.cript.:i. <:>:r1 
K) 
;h __ . = 96: .:mi.ls 
w0 · =: 74. :mils . 
.. Q .··· ', .····. 1.· -~ :900 mils 0 ... 
L) 
··.·':" 
.. i . 
T.ABLE V 
. . . 
. ·3· 1 
I·. ·• t·· a1··  st· ----·~ · - R- ·. t·· · · 3-· 3 - -1· o· .. · · · -, .... •. :q::;t. :~i . · ·_. : -._ .r-~1.n. :: · a : ~-; ·.: •·· .. ·x .··.a. · Js-ec • 
' <Flow ·.Stress, ·q h w 
Str,ain (mi.ls). (mi.ls .. ). :)t/h . (°I'-8.I}. ( Kg/mm.2 ) 
··,'10 
.. 50 
91 .. 3 
86.:8 
77·_.:_8·· 
:81.:.8 
9:(}-.·4 
9·9_.·7 
• 8:6 ti ,650 
..fi4. 11,950 
1,40 15,600 
1.72 17,200 
6.80 
13 •. 54 
" h = 98.4 mils .05 93.6 101.0 1.08 10,100 7.12 
w
0 
= 96 mils 
1° = 900 mils .10 89.1 106.1 1.19 12,580 8.87 
0 
.20 80.6 117.2 1. 46 15,300 . 10. 79 
. 30 72.8 129.9 1. 78 17,750 12.51 
. 40 66.o 143.2 2.18 20,150 14.20 
. 50 59. 7 158.2 2.65 22,400 15.80 
M) 
h - 98 mils .05 93.2 105.1 1.13 9,150 6.45 -
0 
w - 100 n1ils -
lo (1{)1 
·1 .10 88.7 110.3 1.25 11,830 8.35 - 00 .. H . l" - • .11 .. .:, 
0 
.20 80.3 122.0 1.52 14,320 10.10 
'.I 
. ,_ ,,.. .... 
Sample 
Descr~p~iop 
.. tr), 
h . ;:: :96 mils 
w~ == :161 niilf3 
. 0 . . 
'1.. =· 900 mils 
0 . . .... . 
. · -; 
' 
h w= 
.str:ain·. ."i(mi:,lps).. . _.V!file:J 
• :30 
.·4o 
.10 . 
2··-o· . ,. . . 
··-30: 
•. 4·0:. 
'• :-50 
· 72 • :p 13·5. • 0 . 
60:5.·-· · 1· 1Jr9 .•. 2 
.. 9·1 .... 3. .169 .. 4 
·86 •' 8 ·17 8 .. 1 
··_··.·a·,_ ·-6·.·:: 7  .. . · . 
64.3 
58.2 
.196: .. _. ·,r 
·217· ... o. 
"240. 5. 
26·5.·. ··5·•· .....•... 
' 
. .. 
Flow Stress .· ". 
.. ... ·. . ' 
.w/h._ (PSJ:) 
:1 .• "8:6. .J-.6:,.-720- ·. 
.i ·.-:86:• 11, 600 
:2·. 0.5 .1:4 ,flb.O· 
:3 •. 0·5· 
_3 ... 7-4: 
·18: 65" ·.o· 
. . ., .... 
25,700 
11.79 
13 .• ,,40 
.8:.18 
18.13 
20.17 
•• 
:i: 
:s:_ample 
:Description 
p.} 
h . = 98. 4 mils 
-0. : . . . ·, 
W·. =: 100 mils 0 .. ·· ' ·_.· 
1· · = 9.00. ·mi1·s 
0 . 
~') 
h -- 98 mils -
'' 0 
160 mils w -
-
0 900 mils .1 --
·o 
'f~· - -~- -
. . ~ 
.Compressi,p~ Data. ._ .. o····.· 3ll. C ,· ,. . . : .. ' .... ' ·. : .. · ·'·.: 
,''.. ''.•· --2· -1 3 . .-. 3.· x: 10· ·. · ·· ste:_c •. · · · 
' 
.h .. w· f+ow $tress, u 
Str:ain ·_ (:mil_sJ 
: .·, _:q.. . ... ·- .. 
Cm'ils.J. 
·1·0· ' ', 
~f .. . 
.~:30 
•. 40, 
.• 5:0 
• 0:5.: 
.i-o· 
·.20 
. 30 
. 40 
. 50 
0 _3· _· 6'. ';;/ ,' .. ' ' 
89, •. 1 
8·0.6-
72:~:B 
6·6·: .• () 
5·9 .• 7 
93,2 
88.7 
80.3 
72.6 
·110,,-4: 
13::5·,J2: 
:l'lisr .. o 
1·.64.:8 
168.1 
176.8 
195.3 
216.0 
65.7 238.6 
59.4 264.o 
l, •. 12: 10 , .. ·590 
l,;-.2·4: ,13 ~330: 
l. .. 51 -l:6; ,.40·0: 
'.' 
.1 .. 86· 19,_55.··0-
2-·. :26 22':·, 5.0:0 
1.80 11,900 
2.00 15,500 
2.44 20,000 
2 .98 24,780 
3.64 29,200 
4.44 33,600 
2 -· (Kg/rn ) . 
7 .. 4:rr 
·9. 3.7 
10 _ .. h·7·.· 
, .. ' .. /, 
.. 1.3. ·79. 
-1.5: -~ _ a:-1 
8.38 
10.92 
14.10 
17.48 
20.58 
23. 70 
Sample 
Description 
S) 
n .. = 97 mils 
·w? :=· 7· 4 Jni 1-s 0 ... 
l . .= 900 Jnil.~ 
0 
T) 
h = 99 mils 
WO = 100 mils 
1° = 900 mils 
0 
U) 
h - 95. 2 mi ls -
0 JOC) . 1 w - n . e~ - .. lJ .. ,J 
lo= 8EJJ mils 
0 
T.A.Bt.E VII 
Compress:ion D~ta;. 45 8°0-. 
Ini::tial --st··ra.!n .Rate:: ·3:;. 3. :)( -l0·~3 f.3~.c._.-"1 
... St' .·· . " 
·: : . ra.:rn: 
.•. ·30:. 
.:40 
•. 50 
.·05:: 
.1:0 
.20 
. 30 
. 40 
.50 
.05 
.10 
.20 
• 30 
.40 
h w 
.. (I.D.i.1-s·· ) { mi:lS- } 
_9·¢·_3: 
:87.~·:8' 
11 .. -e: 
81.8 
·79·. 4 ·9.0 .•. 4 
7l-·. 8 100 .·o 
6 5 • ·:O:: .i·.10 , ·3_ 
. . . 
.120'..o 
94.2 105.2 
89.6 110.5 
81.1 122.1 
73.4 135.0 
66.,.,4 149.1 
60.1 164.8 
90.5 101.0 
86.1 106.2 
78.0 117.2 
70.5 ] 0 9 7 <a ' l., ' • 
63. 8 1!13. 3 
' Fl·ow· Stress, ~ 
·w/h . {:eS:I·) ( Kg/mm2 ) 
.• -:8.4 
.. 9;"3: 
1-.. 11+: 
.. 
.5::?30·.o· 
:"6·._4·0·0· 
. ,. " 
:6,900 
6:::, :5.:5·0. 
.i_. '10: 6 ,9-0:·o 
2-.:04 7 ,s6:o 
.. 1.12 5,710 
1.23 7,140 
1.51 7,740 
1.84 7,540 
2.24 8,340 
2.74 9,320 
1.12 5,070 
1.23 6,770 
1.50 8,120 
1. 81, 7,800 
2.25 8, 1,~70 
J 
3 .. 74 
4 .5·1 
4 .• a6: 
·4.:62 
4-.86 
5.54 
4.02 
5.03 
5. 46 
5. 32 
5.88 
6.57 
3.58 
4.77 
5.73 
5.49 
5 .97 
Sample 
:D.~s·cription 
·y) 
>h> = 99 mils 
0 6 .. w · =· .l .1 mils 
. . Q . '•. . .. 
. :1· · :::: :90.0· .. :mils a . 
·TABLE ·v::tr .(:Cont r,a} 
h vt 
··st·.r.·ai·n:. ..:·~·mi1s). ·· ... (:mils) .. 
... ~LO 
... .. . .. 
• 30 
94 ... 2 169::.2 
8$t. 6 .17:8~ o 
:81·.·1 
·~r3· .. 4 
46 
. i96: ... 7; 
.2.1.~r I!, 3 
.····/·h .. 
·w 
. ' ' . . . 
.l .·9.Jt 
- .· .. 
' :Flow ·st.res s <T 
. . ·. ' 
.crsr··x ( Kg/mm2 ) 
·.6;44·o. 
8 ;0·6o 
. ~· . . .. 
.g: .·9·· 3>0. 
.. '.· . 
9· ... :4.20 
.. ~. . .. 
4.54 
J.6 .. ·8· 
.,6.~:29 
,. 
:6 .• 6.4 .. 
.·s:~ple 
.Des cril)ti on 
W) 
·h . == 98._mils 
.. ·o . . . . 
w· · = lOO:· mils 
.1°· = :9·00: ·mi:ls: 
···o ........ . 
X) 
h = 97 mils 
WO = 160 mils 
1 ° = 900 mils 
0 
.• 
Itri-tia.l Strain Rate'.:ri ··. . .-2 .· -1 3 .•. ·3, x· .io· .:·· ,·se.c •.. · 
... . . . . . . . . . . .·. .. . . . . . .. 
h, w 
·:s·t.r·a.i:n (mi 1·s:}. . (mils:) 
... 0·5.·· 
. lQ 
.. 
.··20 
.• 3.0 
• 40 
.05 
.10 
..... 20 . 
. _ ... 
. 30 
.40 
.50 
:93.~.2: 
8.8.<·7 
·Sq.3 
·72 •. 6 
.6:5: .. 1 
:59.·4. 
92.3 
87.8 
79. 4 
71.8 
65 .0 
58.8 
.12·2.0 
.l.35 .·.O 
·14·9 ,i :·2. 
16.$ .. :0: 
168.2 
177.0 
195. 7 
216.5 
239 .o 
264.o 
' . . . Flow St·r.es:s · (T 
... . . . . ...... ·' 
1 .. 13 
.1 .• :2}5 . 
. (PSI)= 
·9 ... 20:0· 
~. . .. ·. 
1._57 10·,870 
1.8·6: i1, 730 
~ •. 2.7· 12 , 380 
:2 .• 78· 13,480 
l.82 7,730 
2.02 9,890 
2.46 11,925 
2.98 12,840 
3.68 14,220 
4. 48 16,420 
. . r) . 
:·(. K .··/· mmc') 
.. g .. . 0 
. •; . 
6 .•.. 4.$·: 
7 ·6·o· .,.. · .. 
8, •• 27· 
·8 .• 73, 
9 .•. 5.'0 
5 .45· 
6.97 
8.41 
9.06 
10.03 
11. 58 
r: 
II. 158°c 
III. 311°C 
. -
. . -- ., ; ~ - .,. 
~®-LE. IX. 
:·, . -· -·. 1 __ • . . ·--· . • . . 
St.r=ess-Strain Values at. :I·ni t·i-al :Str-ai:h R·at.e .. of 
·, ......... - - . .. .- .-; . . . .- . ·. . ·- . ' ·... . 
-3·- · l· 
- ·-- •. 
·3· -- 3· •· · ·o -·- -- ·- -- -d v- · -T- -- -- t·· - · · -
.. :• , x :1 · · =$·:~G·· .an. , ·.:~ry~r1g empera ure.s. 
•. . . -
Ho1n:ogerreo.u.s Fl.ow. :st.res s , t1 
0 
.. 
.. 05. 
... 20 
-3Q· .•. _.. ·: . 
• 40. 
• 50 
.05 
.10 
.20 
. 30 
. 40 
.50 
.05 
.10 
.20 
.30 
.40 
.50 
J,8 
.PSI 
... 
19 ,.100: 
21.,,0.00.· 
8,910 
11,470 
13,400 
14,620 
15,120 
15,580 
6,060 
1,790 
8, 6~30 
8,650 
8,650 
8,650 
Kg/mm2 
6.77 
10.68 
1.4· .. 79· 
15· .• :.54 
16-. 48 . 
·6.28 
8.07 
9.45 
10.30 
10.68 
10 .98 
4.28 
5.49 
6.10 
6.10 
6.10 
6.10 
~-. ---
l ~ } .. 
. 'JJ:ABL:EI , IX ( ()·ont :t .d) .. 
Strain 
.05 
::•_·10 
._ •. 20. 
.3Q· 
•. 4.0 
:]?SI 
3 ·-·720 
. ' . 
·' 
kgbnrn? 
2.,6·2 
.3·:.3B 
:3":. 38 
2:., 35 
·.· 
2.02 
. I 
/ 
~ 
. r: 
~~":"", ... ,·.·•·-\- . 
·_r·· .. 
. . . 
:I·:I. 
III. 
.. : 
.,) 
:Strain 
E; ::; 3. 3 x 1().,..JJ sec • ""1 .05 
·1· rr 
.• _ V: 
... 2c)· 
.• 40: 
3 .3: .10--'.3 ~-1 
..05:: E.•· - X se.c. - .. -~: .· I'-
.IO 
.20 
.30 
.40 
.50 
• -2 -1 
.05 f• - 3.3 X 10 sec. 
• 
.10 
.20 
.30 
.40 
50 
:.,.-....:r--
.. Romqgen:~011s. ~1·0:w. ~~r-e:s s , a 0 
'PSI 
5-~4.50: 
5 ,.7.J .. O 
·.6.,.320 
6··.,490 
6:,320 
6,230 
6,060 
7,790 
8,650 
8,650 
8,650 
8,650 
7,140 
8,310 
9,080 
9,510 
9 ,91,0 
10,370 
Kg/mm.2 
3.85 
4-.03: 
4 .. ,4.6 
4_ •. 58. 
'4-~.46 
4.39 
4.28 
5.49 
6.10 
6.10 
6.10 
6.10 
5.04 
5.86 
6.40 
6.71 
7.01 
7.32 
l 
I . 
·• 
T.ABL·E .xr: 
.. , ·-- -...... - ... ' ·, 
51 
.1·0 
. . .·· -.. 
.20 
.30 
:40·: .. . 
.• :5() 
·o·c;. 
-~: ... / 
.10 
.20 
.30 
.40 
.50 
:Ho~o:ge.ne:ou.s Fl.ow Str~:ssi, .q.· . 
. ''. . , ... ''. . o: 
_p.-s:.r·. 
. . .. . 
4 · __ ·_.·.·'" '. . 2·90 
' '. 
1:i; ,_..29.0: 
•3' · 3.··30_·· 
.·.: ' .·. ,. 
2,695 
2,855 
... . 
·5 ,970 
6,840 
7,350 
8,140 
8,140 
7,350 
Kg/Il!IU2 
:2 •. 62· 
:3. 38· 
3 .. 38 
2. ·3q· 
.••... :J. 
:2·.02 
4.21 
4.82 
5.19 
5.74 
5.74 
5.19 
• 
.... 
-~-
Tempe·r:atur·.e 
- .. ,- . . .. 
:and· Initi·al 
Strain Rat:e 
·h-5-0-c·· . 
.'I::::.·:, . . . • . · '.3· :_ . . .1 3 . 3 :x IXJ-·· · · -s:e (t. - · 
158°c. 
3 3 10-3 • X 
. I, .. 
-1 
sec. 
TABI~E XII 
17,500 
.• -2.:0· 
.... ·-. 
.21-,..:·8-75 
• 4o: ·25- .:5:_00 
... ' .. . 
27,000 
.10 13,250 
.20 15,500 
. 30 16,875 
52 
.0:.95 
1.:26 
2·_, ·0·4· · : .. · ~ . ' ·-,' 
l-.1:6: 
.l.54 
-2·~_5·0· 
l .. ,42 
- ·.... .,-
l-~.-8:8 
3. o:4. 
.1. 73 
2.30 
3.72 
2.12 
2.81 
4.55 
.95 
1.28 
1.24 
2.05 
1.15 
1.57 
1.51 
2.50 
1.1,1 
1.92 
1. 84 
3.05 
1. 07.5 
1.10 
:-1~1.7 
·i .. ~LO 
l .. t.3: 
-1..:• 20: 
.1.1·0 
. - . .. . ;• 
4", •.. J"5 
1 ... ·25 
1.14 
1.19 
1.30 
1.15 
1.20 
1.32 
1.13 
1.22 
1.19 
1.28 
1.19 
1.30 
1 ')6 . (;;. 
1. !, 5 
1.22 
1.35 
1.32. 
1.52 
. ':pemp~·rature:: 
,and I:n:iti al 
:s:t:ra,tn Rat:e 
.40 
53 
17,500 
I. 
w/h [2! v3] <To 
·1 .. 73 
·2 ... 34 
.3'.,. rr4 
1.32 
1.45 
l .• 6·7 
.. 1:.,39. 
1 .. 54 
1 .. -86: 
'r ~:rrJ.P e.·ra.t ur e. 
an·d Jn:i ti.al 
:strain R·ate· 
. . . . . . .· ... 
,3.l.l0 ·C. . ... 4 
-·1 .. 3 .3 .X.: JJ) . :s.eG •. : · · 
. ; 
_3:.1,1°c. 
·- . . -3 ~1 3. 3 x 10 s·ec.. · 
6,625 
· .. 2.·0·· ... - . 7 .2;5·0. I ., . . . ·. 
.. 30 
t,o· 
·• '+ · .. 
.10 9,000 
.20 10,000 
.30 10,000 
.40 10,000 
w.:/h 
1.--:26 
2.:·0.0 
.1.·:54 
-2: .• 44 
1 .• 87 
2 .. _·_9·_.·s . . .. ·: . ' ' 
2.29 
3_._;64 
:2.80 
4 .• _;44 
.94 
1.19 
1.25 
2.05 
1.15 
1.46 
1.52 
2.50 
1.40 
1. 'TB 
1.86 
1. 54 
1.88 
l .. ·7.5 
2: •. 2.0 
1· .. 99 
.'2·. $·5 
' '. 
2.:..14 
. 8 ... 
:2-.·,.·2· 
2.:32 
3,.·11 
1.33 
1.40 
1.32 
1.66 
1.42 
1. 53 
1. 43 
1.86 
1.56 
1.78 
1.67 
3.05 2.20 
1.72 1.72 
2 .18 2.02 
2 .,., 
tb 1.90 
3. ~,i. 2. 57 
/remP,:er:ature 
an.d Initial 
Strain R:ate 
. . . 0 
·3 .... 11 ··.C. .. 
. .. . . . ·~ 2 3/3' X 10· ...... s:e·c ·• 
. . 
_;,1 
• 5:0 
.• 10 
.2·0· 
·3 ..... ·o·· 
····. ·. 
:4, 
:• :: .. Q. 
•:5-0. 
55 
2 
~ "o w/h 
10,000 . 
:Ji-:b= · .5·· :0() 
... · , ... 
.11 .. 000 
. . ' . 
11. 5·:0:0 
. . . ' . . .. • 
2 .• 10· 
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X. 
~:olcl :used were _h.ig:IJ.ly i-i;i~iviq.u~l and nq s:et_ :p·r.o·ee·dure· was f'ollow.ed' 
Howev~r ,: the_ gene:r:~l. _app_ro~_cn was· tJre- sarne and 
is :r-ep,o:rted :t1ere .. 
.?· 
·, . 
a.It;trough' :succ.es-s v~s also f.oun-d wi"th solutions :of 1::5.:_6: and :1:1:·i., 
;One· ne-cessary step :tn ,the: succes:s:hi1 po1ishir1g· an.d ·et·c.:f1Ihg: 
the polish·ing :o_pe.r·ation bf disturbed _ma.t·e:ri_al by ot·her ·than 
:mechanical ·means.. If this material is ·not removed, ·"it smears 
over the surface of the sample and prevents effective removal of 
scratches underneath. For this reason, after conventional grinding 
and polishing of the surface down to approximately 1 micron, 
alternate polishing and etching was found to be necessary. 
No etching was done until after the first 1 micron polishing 
step. At this point, tr1e samples were immersed in unagi tated 
aqua regi a at roorn ten11)crt1.t w·e for appro.xirnntely l minute. It 
was necessary to avoid ciiJJIJing n1etal Jabor.:1to1·y apparatus in the 
aqua regia, since this resulted in pitting of the gold. 
After the initial etch, the samples were hand polished on a 
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